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Key Points:8
• LSW transport at CGFZ is estimated to be 5.3 ± 2.9 Sv and 8.2 ± 4.1 Sv from9
altimetry and a model hindcast, respectively.10
• LSW transport at CGFZ is modulated primarily by current velocities on seasonal11
to interannual timescales.12
• LSW thickness modulates transport on longer timescales and is sensitive to deep13
convection in the Labrador Sea.14
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Abstract15
Labrador Sea Water (LSW) is a major component of the deep limb of the Atlantic Merid-16
ional Overturning Circulation, yet LSW transport pathways and their variability lack17
a complete description. A portion of the LSW exported from the subpolar gyre is ad-18
vected eastward along the North Atlantic Current and must contend with the Mid-Atlantic19
Ridge before reaching the eastern basins of the North Atlantic. Here, we analyze obser-20
vations from a mooring array and satellite altimetry, together with outputs from a hind-21
cast ocean model simulation, to estimate the mean transport of LSW across the Char-22
lie Gibbs Fracture Zone (CGFZ), a primary gateway for the eastward transport of the23
water mass. The LSW transport estimated from the 25-year altimetry record is 5.3 ±24
2.9 Sv, where the error represents the combination of observational variability and the25
uncertainty in the projection of the surface velocities to the LSW layer. Current veloc-26
ities modulate the interannual to higher frequency variability of the LSW transport at27
the CGFZ, while the LSW thickness becomes important on longer time scales. The mod-28
eled mean LSW transport for 1993-2012 is higher than the estimate from altimetry, at29
8.2 ± 4.1 Sv. The modeled LSW thickness decreases substantially at the CGFZ between30
1996 and 2009, consistent with an observed decline in LSW volume in the Labrador Sea31
after 1994. We suggest that satellite altimetry and continuous hydrographic measure-32
ments in the central Labrador Sea, supplemented by profiles from Argo floats, could be33
sufficient to quantify the LSW transport at the CGFZ.34
Plain Language Summary35
Wintertime cooling of the Labrador Sea creates a pool of dense water and a fast36
track for anthropogenic CO2 to enter the deep ocean. Stored for up to centuries before37
the Labrador Sea Water returns to the surface, the carbon captured within this layer does38
not contribute to the greenhouse effect. Despite playing this important role in the cli-39
mate system, we still lack a complete understanding of the circulation pathways and spread-40
ing rates of the Labrador Sea Water. Here, we combine information from ocean- and satellite-41
based sensors with ocean model outputs to assess the flow rate of Labrador Sea Water42
through a fracture in the Mid-Atlantic Ridge, the main gateway between the eastern and43
western basins of the North Atlantic. We find that the fluctuating speed of the Labrador44
Sea Water transport across the Mid-Atlantic Ridge can be effectively inferred from satellite-45
observed surface currents. Additionally, changes in wintertime conditions in the Labrador46
Sea water can perturb the spreading rates onto the eastern Atlantic. By combining satellite-47
based estimates of surface speed and subsurface estimates of the water properties from48
floating sensors, we can monitor the transport of the carbon-rich water from the Labrador49
Sea in a changing ocean.50
1 Introduction51
Labrador Sea Water (LSW) is a major component of the deep limb of the Atlantic52
Meridional Overturning Circulation (AMOC). It forms in the central Labrador Sea and53
in the Irminger Sea through open-ocean deep convection and fills a large volume of the54
Atlantic Ocean (Pickart et al., 2003; Gebbie & Huybers, 2011). This water mass is also55
oxygen-rich and a major sink for anthropogenic carbon (Sabine et al., 2004; Khatiwala56
et al., 2009, 2013). Thus, understanding the circulation and variability of LSW is im-57
portant for a number of climate and biogeochemical questions. Although anomalies of58
the LSW water properties have been shown to be swiftly advected southward along the59
western boundary of the North Atlantic (Le Bras et al., 2017), the connection between60
variability in LSW formation and export rates to the subtropics was recently called into61
question (Zou & Lozier, 2016; Zou et al., 2018). Such a disconnect could arise if the frac-62
tion of the LSW mixed and advected eastward were to vary, perhaps due to interactions63
with the North Atlantic Current. Ultimately, this eastward LSW transport must con-64
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tend with the Mid-Atlantic Ridge (MAR), which acts as a barrier to zonal transport. Zonal65
currents tend to get funneled through deep fracture zones in the ridge, as schematized66
in Figure 1 (Bower et al., 2002).67
LSW is known to follow several pathways as it leaves the Labrador Sea. Some LSW68
remains in the subpolar gyre in a weak anticyclonic recirculation that enters the Irminger69
Sea (Lavender et al., 2000). Evidence for this pathway has been obtained from hydro-70
graphic measurements and the averaging of float trajectories (Lavender et al., 2005; Pal-71
ter et al., 2008, 2016). Conversely, much of the LSW is exported within the Labrador72
Current (Palter et al., 2008) and flows southeastward towards Flemish Cap and the Grand73
Banks of Newfoundland following the 2000 m isobath in the continental slope. The fate74
of LSW downstream of Flemish Cap and the Tail of the Grand Banks depends upon its75
interactions with the northeastward flowing Gulf Stream: LSW may continue southward76
along the western boundary or be advected into the interior of the basin along with the77
North Atlantic Current (NAC), as shown by Bower et al. (2011). The eastward trans-78
port of LSW carries climatic signals from the Labrador Sea to the deep ocean and con-79
tributes to the lower limb of the Meridional Overturning Circulation (Desbruyères et al.,80
2013).81
The presence of LSW in the Eastern North Atlantic basin has been reported since82
early studies of mid-depth circulation in the North Atlantic (Pingree, 1973; Talley & Mc-83
Cartney, 1982; McCartney, 1992; Cunningham & Haine, 1995; Sy et al., 1997). More-84
over, LSW has long been thought to preferably cross the MAR via the two deep valleys85
of the Charlie Gibbs Fracture Zone (CGFZ), the largest geological fault in the North At-86
lantic portion of the MAR (Wright & Worthington, 1970; Paillet et al., 1998). The CGFZ87
is, indeed, a major water mass crossroads, as it funnels both the eastward-flowing LSW88
and other water masses carried by the NAC at surface and intermediate depths, and the89
westward-flowing Iceland Scotland Overflow Water (ISOW) in the deepest layers of the90
water column (Saunders, 1994; Bower & Furey, 2017). In addition, the LSW contributes91
to the dilution of the ISOW in this region (Racapé et al., 2019). Early efforts to quan-92
tify the LSW geostrophic transport through the MAR used hydrographic data and pro-93
vided estimates that range from 4 to 13 Sv (Worthington, 1976; Schmitz & McCartney,94
1993; Paillet et al., 1998). Though these studies have revealed much about the mean LSW95
transport into the eastern North Atlantic basin, its temporal variability is yet to be ex-96
plored.97
Continuous observational efforts to understand the rates and variability of LSW98
formation and transport have been made in regions such as the central Labrador Sea (e.g.,99
Yashayaev & Loder, 2016), and along the perimeter of the North American continent:100
the western Labrador Sea at 53◦N (e.g., Fischer et al., 2010; Zantopp et al., 2017), the101
Tail of the Grand Banks (e.g., Schott et al., 2006) and south of New England (e.g., Toole102
et al., 2017). However, we lack continuous measurements of the eastward transport of103
LSW across the MAR. We aim to fill this gap with a combination of 22 months of di-104
rect measurements made by moorings in the CGFZ, inferences from altimetry, and a re-105
gional ocean circulation model that has been widely validated for its faithful represen-106
tation of circulation in this region (Xu et al., 2013). Characterizing the variability of the107
LSW transport through the CGFZ will contribute to the understanding of the water-108
mass propagation downstream from the formation region.109
In the following section, we describe the mooring array (Section 2.1), the altime-110
try data along with other observational data (Section 2.2) and the ocean circulation model111
used in this study (Section 2.3). The measurements recorded by the moored instruments112
are used to quantify the transport of LSW across the mooring array and characterize its113
variability over 22 months of direct observations (Section 3.1). Next, the satellite-derived114
surface geostrophic velocities (Section 3.2) and the model simulations (Section 3.3) re-115
veal the variability of the LSW transport at the CGFZ over the past three decades. Fi-116
nally, we summarize and conclude our work with an outlook for the future (Section 4).117
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Figure 1. Circulation and bathymetry of the subpolar North Atlantic.(a) Schematic circula-
tion diagram showing primary shallow (red) and deep (yellow and blue) currents in the subpolar
North Atlantic. The LSW formation regions are shown as yellow circles, and its main pathways
are indicated as yellow arrows. Abbreviations include Bight Fracture Zone (BFZ), Charlie-Gibbs
Fracture Zone (CGFZ), Faraday Fracture Zone (FFZ) and Maxwell Fracture Zone (MFZ). (b)
Detailed bathymetry at the Mid-Atlantic Ridge for the region that includes the Charlie-Gibbs
Fracture Zone. The mooring array is indicated in red on the west side of the CGFZ.
2 Data and Methods118
2.1 Moorings in the Western CGFZ119
A mooring array was deployed in the CGFZ between 52◦N and 53◦N along a nom-120
inal longitude of 35.33◦W to quantify the transport of ISOW (Bower & Furey, 2017).121
The array, deployed for 677 days between August 2010 and June 2012, consisted of eight122
moorings spanning from south of the fault ridge to the southern flank of the Reykjanes123
Ridge. The four “tall” (seafloor to 500 m) and four “short” (seafloor to 1500 m) moor-124
ings were deployed as shown on the meridional section in Figure 2, with letters A-H de-125
noting the 8 moorings at the top of panel a. Temperature, conductivity, and pressure126
were recorded from 36 SBE-37 MicroCATs, while direct measurements of the velocity127
components were made with 28 current meters (18 Aanderaa RCM-11 and 10 Nortek AquaDopp128
6000 DW). The mooring configuration and further details of the deployments can be found129
in Furey et al. (2014).130
The methodology implemented to estimate the LSW transport across the moor-131
ing array follows the one described by Bower and Furey (2017), who used the same dataset132
to quantify the volume transport in the ISOW layer. In their work, ISOW was defined133
as the waters with salinity greater than 34.94 g kg−1. Here, we define LSW as the wa-134
ters whose salinity is lower than 34.94 g kg−1 (Worthington, 1976) and σθ is between135
27.68 and 27.80 kg m-3 (Stramma et al., 2004; Schott et al., 2004). As in Bower and Furey136
(2017), we filtered all data with a low-pass third-order Butterworth filter with a 40 h cut-137
off period, run forward and backward in order to eliminate phase shifts.138
Temperature and salinity were averaged daily and linearly-interpolated vertically139
onto 1-m bins between the top and bottom MicroCATs for each mooring before poten-140
tial density was calculated. When the 27.68 kg m-3 isopycnal was shallower than the shal-141
lowest instruments in the tall moorings, the top interface of the LSW was assumed to142
be 500 m. This occurred in 53% of the measurements at the tall moorings, and, as such,143
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the LSW thickness may be slightly underestimated. Hydrographic sections and salinity144
observed at the mooring array suggest that the halocline consistently extends below 500145
m, indicating that the 34.94 g kg−1 threshold is likely not far above the top instrument146
depth on the tall moorings (see Bower and Furey (2017) Figures 3 and 5). Because the147
27.68 kg m-3 isopycnal is always shallower than 1500 m, the top interface of the LSW148
in the short moorings was calculated as the average depth of the 27.68 kg m-3 isopyc-149
nal in the two neighboring moorings. For mooring H, the southernmost short mooring150
with only one neighbor to the north, the top interface was determined by mirroring moor-151
ing G.152
Similarly to temperature and salinity, the velocity components were averaged to153
daily values and linearly interpolated vertically onto 1-m bins between the top and bot-154
tom current meters in each mooring. As the moorings were deployed nearly along a line155
of constant longitude (35.33◦W), the zonal component of the velocity field is approxi-156
mately normal to the mooring array, and only this component is used further in the anal-157
ysis. The daily LSW velocity across each mooring was calculated as the average of the158
zonal velocity between the top and bottom interfaces of the water mass. To deduce ve-159
locities at depths above the short moorings we rely on the deduction from an Empiri-160
cal Orthogonal Function (EOF) analysis that most of the zonal velocity variability at161
the mooring array is explained by a vertical mode with very little shear (Bower & Furey,162
2017). For this reason, the zonal velocity above 1500 m was constructed by adding the163
time mean values of neighboring moorings and the fluctuations of the 1500 m current164
meter at moorings B, D and F. At mooring H, the top 1000 m zonal velocity was cal-165
culated as the fluctuations of the 1500 m current meter plus the time mean zonal veloc-166
ity of mooring G above 1500 m.167
The daily time series of LSW transport per unit width (m2 s−1) across each moor-168
ing was then calculated by multiplying the mean zonal velocity between the top and bot-169
tom interfaces of the LSW layer by the LSW thickness (i.e., the distance between the170
two interfaces). Finally, this transport was multiplied by the distance separating the mid-171
points between adjacent moorings to arrive at a volume transport in Sverdrups. For moor-172
ings A and H, this value was calculated as the distance between the moorings and their173
closest neighbor. Because the LSW always resided above the shallowest bathymetry of174
the CGFZ, no transport needed to be estimated between an instrument and adjacent175
bathymetry. The time series of LSW properties are filtered with a low-pass 3rd order But-176
terworth filter with a 30-day cut-off to remove the signals from high frequency (weekly177
or shorter) variability.178
It is important to note that the original purpose of the mooring array was to quan-179
tify ISOW transport across the CGFZ. Because the CGFZ is a transform fault, the po-180
sition of the ridge crest is shifted on either side of the fracture zone: North of the CGFZ,181
the ridge crest aligns with 35◦W, and south of the ridge crest it lies nearly along 30◦W182
(Figure 4). As the moorings were deployed at 35◦W, they are only situated in a true ridge183
gap in the north valley, where they are bounded by the Reykjanes Ridge to the north184
and the transform ridge to the south. In contrast, the moorings south of the transform185
ridge are about 3◦ to the west of the MAR and have no bounding bathymetric feature186
directly to the south. This placement of the mooring array was designed to investigate187
the westward transport of ISOW into the western basin (Bower & Furey, 2017). Unfor-188
tunately, the placement is less ideal for quantifying the eastward flow of LSW across the189
CGFZ, given that the eastward currents can meander south of the mooring array and190
still cross the MAR through the CGFZ. Because of this limitation, and to consider vari-191
ability in CGFZ transport at time scales longer than 2 years, we turn to satellite altime-192
try and an ocean model in Sections 3.2 and 3.3, respectively.193
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Figure 2. Zonal velocity and salinity at the CGFZ mooring array. (a) Cross section of time-
mean velocity from moored current meters. White triangles indicate the location of the current
meters. Thick black line is the 0 cm s−1 isotach. Mooring labels are indicated on the top of the
figure. (b) Similar to panel (a) but for salinity. White circles indicate the location of the Micro-
Cats. Thick black line is the 34.94 isohaline. Dashed white lines are isopycnals. Mean locations
of LSW, ISOW and Lower Deep Water (LDW) are indicated. Figure from Bower and Furey
(2017).
2.2 Satellite altimetry and other observational data194
The Global Ocean Gridded L4 Sea Surface Height product was obtained from the195
Copernicus Marine Environment Monitoring Service (CMEMS). The 0.25◦ x 0.25◦ daily196
gridded dataset is a multimission altimeter product that combines data from multiple197
satellites, including Topex/Poseidon, Jason-1 and Jason-2. Data released includes the198
daily surface geostrophic currents with the same 0.25◦ x 0.25◦ resolution, derived from199
the lateral gradient of the absolute dynamic topography. The gridded absolute dynamic200
topography and the surface geostrophic velocities from January 1993 to December 2017201
were used to determine the mean position of the northern branch of the North Atlantic202
Current in the region between 50◦N and 55◦N, 29◦W and 38◦W, which shed light on the203
importance of calculating the LSW transport farther east from the mooring array, at 32◦W.204
The zonal geostrophic velocity was interpolated onto two sections: the first at the205
mooring array ( 35.33◦W) and the second along 32◦W. Bower and Furey (2017) showed206
that the leading vertical mode of the zonal velocity was equivalent-barotropic, explain-207
ing 68-74% of the variance. The next leading mode, explaining 21-27% of the remain-208
ing variance was the first baroclinic mode, which changed sign beneath the base of the209
LSW layer. Therefore, the mooring observations suggest that the LSW velocity should210
co-vary with the surface velocity, and we confirm this relationship by calculating a lin-211
ear regression between the surface and the LSW velocities at the moorings. Our goal was212
to build a proxy for LSW transport based on altimetry, thus allowing for the investiga-213
tion of LSW velocity variability over the 25-year altimetry era at the center of the fault214
ridge, 3◦ to the east of the mooring array.215
We calculated the ratio of LSW-layer velocity to the surface geostrophic velocity216
using two observational products in addition to that calculated from the 22-month LSW217
velocity from the mooring array compared against the co-located surface geostrophic ve-218
locities. In the first estimate, the vertical zonal velocity shear between surface and LSW-219
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layer depth (nominally 1000 m) was calculated by applying the thermal wind equation220
to a climatological density field. We used the Australia’s Commonwealth Scientific and221
Industrial Research Organisation (CSIRO) Atlas of Regional Seas (CARS2009), a prod-222
uct with a 0.5◦ horizontal resolution and 79 vertical levels spanning from surface to 5500223
m (Dunn & Ridgway, 2002). The CARS2009 data product was created with a modified224
Loess filter to interpolate the irregularly spaced observations into a regular grid. This225
scheme uses a bathymetry-influenced weighting, which more accurately preserves gra-226
dients in areas with steep topography such as the Mid-Atlantic Ridge; as such, we be-227
lieve it to be an appropriate climatology for our purposes.228
In the second estimate, the 1000 dbar time-mean velocity field was calculated based229
on float displacements for the Argo era. The Argo dataset is freely available by the In-230
ternational Argo Program (http://www.argo.ucsd.edu). The 1000 dbar float displace-231
ments were then compared to surface pseudo-displacements calculated from altimetric232
geostrophic velocities interpolated to the starting position of each float displacement with233
the method described by Willis and Fu (2008).234
2.3 Numerical Simulation235
A 1/12◦ eddying simulation based on the HYbrid Coordinate Ocean Model (HY-236
COM) was used to explore LSW transport variability in 1978-2012 and the role of vari-237
able LSW thickness and velocity in the transport variability. The model configuration238
has been described in Xu et al. (2013), who also provided several detailed model-data239
comparisons in the subpolar North Atlantic. The model results are shown to realistically240
simulate the observed time-mean structure of the western boundary current transport241
off the Labrador Coast, as well as the warming and sea surface height change in the cen-242
tral Labrador Sea since the early 1990s. Additionally, the model exhibits almost no salin-243
ity drift, with a slow increase rate of only 0.02 per century. More recently, Xu et al. (2018)244
examined the westward ISOW transport through the CGFZ and showed that the sim-245
ulation reproduced most of the intraseasonal to interannual variability observed in the246
moored current meter arrays during 1988-1989 (Saunders, 1994) and 2010-2012 (Bower247
& Furey, 2017).248
The model outputs include potential temperature, salinity, as well as the zonal and249
meridional velocities. LSW thickness was determined as the layer whose σθ is between250
27.68 and 27.80 kg m-3. A third-order Butterworth low-pass filter with a 30-day cut-off,251
run forward and backward in order to eliminate phase shifts, was applied to emphasize252
variability at time scales longer than one month.253
3 Key Results254
3.1 LSW Transport at the CGFZ Mooring Array255
Temperature and salinity observations reveal the key water masses situated along256
the mooring array (Figure 2). The LSW lies on top of the ISOW in the north valley and257
on the southern flank of the zonally-oriented transform ridge. Further south, the lower258
layer is filled with cold, fresh Lower Deep Water (LDW), a water mass that is thought259
to be a mixture of Antarctic Bottom Water and North Atlantic Deep Waters (McCartney,260
1992; Saunders, 1994). The surface layer is dominated by warmer waters that are gen-261
erally advected and mixed to the east by the North Atlantic Current and its eddies (Bower262
& Furey, 2017).263
The mean zonal LSW transport measured across the mooring array was 1.9±2.3264
Sv, where the reported uncertainty is one standard deviation. Transport measured at265
moorings F-H, located south of the transform ridge, contributed the majority of the trans-266
port 1.3±2.6 Sv. In the north valley, moorings C-E also recorded eastward mean trans-267
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Figure 3. LSW properties and transport at the mooring array. (a) 22-month Hovmöller di-
agram of the 30-day low-passed LSW thickness anomaly at the mooring array. The latitude of
each mooring (A is the northernmost) is shown as dashed lines. Thick black line is the 0-m thick-
ness anomaly contour. (b) 22-month mean LSW thickness across the mooring array. Dashed
lines indicate the latitude of each mooring. (c) LSW zonal velocity anomaly through the moor-
ing array, with same plotting conventions as in panel (a). Thick black line is the 0-cm s−1 zonal
velocity anomaly contour. (d) 22-month mean LSW zonal velocity. (e) 22-month time series of
the 30-day low-passed LSW thickness (blue), zonal velocity (green) and zonal transport (red)
averaged across the eight moorings. The red lines, whose correlation coefficient R is equal to 0.33,
are the transport as calculated from the moored instruments (solid) and the model output inter-
polated to the mooring positions (dashed). The dashed black line denotes LSW zonal velocity
and transport equal to zero.
port in the LSW layer and contributed 0.7 ± 1.6 Sv. The mean eastward LSW trans-268
port is not ubiquitous throughout the array, as transport at the northernmost moorings269
A and B, located on the southern flank of the Reykjanes Ridge, averages −0.1±0.6 Sv.270
In addition to this spatial variability, the LSW thickness and velocity also have strong271
temporal variability at the mooring array.272
During the mooring deployment, several periods of elevated eastward flow were ob-273
served, the strongest of which reached 7 Sv between the autumn of 2011 and the win-274
ter of 2012 (Figure 3e). The three periods of strong eastward transport, all surpassing275
4 Sv, were associated with two distinct spatial distributions of the thickness and veloc-276
ity anomaly fields across the mooring array, respectively shown in Figures 3a and 3b. Dur-277
ing the winters of 2010/2011 and 2011/2012, positive thickness and eastward velocity278
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anomalies are measured at all moorings, with peak velocities in the north valley. In con-279
trast, in the summer of 2011, strong positive thickness and eastward velocity anomalies280
are measured in the south valley, while negative thickness and westward velocity anoma-281
lies are observed in the north valley.282
In contrast, the transport time series reveals that there were also periods of weak283
westward LSW transport averaged over the whole array during four events, collectively284
lasting about one fifth of the deployment period. These events were each driven by slightly285
different spatial configurations of the velocity field. In Nov-Dec/2010, the longest west-286
ward event, strong westward velocity anomalies are measured by the southern moorings,287
while eastward anomalies are observed in the north valley. In Apr/2011, Feb-Mar/2012288
and May/2012, westward velocity anomalies are measured across most of the array. The289
anomalous westward velocities are associated with negative thickness anomalies during290
all of these events (Figure 3a,b).291
The transport variability over the 22-month deployment period is almost entirely292
controlled by the zonal velocity in the LSW layer, which explains 98% of its variability.293
The 30-day low-passed LSW thickness and zonal velocity averaged over the mooring ar-294
ray are shown in blue and red, respectively, in Figure 3e. The mean thickness is 1, 069±295
73 m, and single daily mean values range from 900 m to 1230 m. On average, there is296
a meridional thickness gradient along the array, with thicker LSW at mooring H (1202297
m), thinning northward to mooring A (867 m, Figure 3b). The zonal velocity during the298
22 months averages 1.4 ± 1.8 cm s−1, ranging from -3.0 cm s−1 (westward) to 6.7 cm299
s−1 (eastward).300
As noted in Section 2.1 above, the mooring array does not capture the maximum301
eastward velocities that cross the MAR at the CGFZ. A map of the mean surface cir-302
culation from satellite altimetry (Figure 4) shows that the average position of the max-303
imum surface eastward velocity is south of the mooring array. Therefore, the red line po-304
sitioned further east in Figure 4, at 32◦W, represents a more ideal location for the quan-305
tification of the eastward transport across the CGFZ. We next attempt to quantify the306
LSW transport variability across the CGFZ at this line, as described in the following sec-307
tions.308
3.2 Circulation variability at the CGFZ from altimetry309
Sea surface geostrophic velocities calculated from satellite altimetry are significantly310
correlated with LSW velocities at the mooring array. The ratio between surface and LSW311
velocities at the mooring array is 0.27 and the correlation coefficient between the two312
is 0.51. In the north valley, the satellite-observed surface velocities and the LSW veloc-313
ities are more strongly connected, with correlation coefficient rising to 0.81, averaged over314
moorings A through E only. The north valley is bounded by steep topography to both315
the north and south, and thus has similar bathymetric constraints on the NAC as those316
the current experiences where it crosses the CGFZ at 32◦W. A visual comparison be-317
tween observed surface and LSW velocities shows that strong events of eastward LSW318
transport are associated with the swift eastward surface velocities (Figures 3c and 5).319
Likewise, the westward LSW transport anomalies correspond with westward anomalies320
in surface velocities. The strong relationship between the altimetric surface velocities and321
LSW-layer velocities, particularly in the bathymetrically-constrained north valley, sug-322
gests that the altimeter record can provide an indicator of temporal variability in the323
LSW layer velocity as it crosses the CGFZ.324
Figure 6 shows the mean total (light lines) and cumulative (dark lines) LSW trans-325
port in 0.5◦ bins between 53◦N and 40◦N. In red, we show this transport at 35◦W, and326
in black interpolated to the center of the Mid-Atlantic Ridge rift valley. This figure is327
made from observational data: LSW thickness estimated from the CARS climatology328
and the LSW-layer velocity from the objectively-mapped ARGO displacements at 1000dbar.329
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Figure 4. Mean surface geostrophic velocity (arrows) overlaying the mean dynamic topog-
raphy (colors) in the CGFZ region. The red line to the left indicates the locations of the eight
moorings. The black dashed line is the mean position of the 39.5 cm ADT isoline, which coin-
cides with the maximum surface velocities associated with the northern branch of the NAC. A
more ideal position for the quantification of LSW transport across the CGFZ is also shown in
red, shifted 3◦ to the east of the moorings. This line is located at the mean position of the ridge
crest at the latitude band of the CGFZ, as calculated from ETOPO1 (Amante & Eakins, 2009).
It is bounded by the 3,000-m isobath to both the north and south, and extends from 51.7◦N to
53◦N. The 3,000-m isobath is shown as a white contour.
The LSW transport is clearly much higher at the CGFZ than elsewhere along the MAR,330
peaking at 3.2 Sv at 52◦N. The latitudinal band of the CGFZ, between 51.5◦N and 53◦N,331
accounts for 66% of the total eastward transport of LSW over the Mid-Atlantic Ridge332
(7.8 Sv across the CGFZ versus 11.8 Sv total). If we include the Faraday Fracture Zone333
(extending the southern limit to 50◦N), this value goes to 85%. We chose to estimate334
the LSW transport at the latitude band of 51.7◦N to 53◦N because we were limited by335
the location of the mooring array and extension at which the estimated vertical shear336
was relatively constant. Finally, it is important to note that over 40% of the eastward337
LSW transport that crosses 35◦W is recirculated southward along the western flank of338
the MAR and does not cross into the eastern basin, as shown by comparing red and black339
lines in Figure 6.340
To understand whether the surface geostrophic velocity may serve as a proxy for341
the LSW-layer velocity at 32◦W, where the swiftest eastward velocity crosses the MAR342
(see Figure 4), we must first assess whether the vertical shear between the surface and343
LSW layer is similar to that observed at the mooring array at 35◦W. To do so, we com-344
pare the vertical shear calculated at the moorings to the shear at 32◦W using two dif-345
ferent, independent, observation-based techniques, as well as checking the relationship346
in a model simulation.347
First, we compared the subsurface displacements of Argo floats drifting at 1000 dbar,348
the approximate center of the LSW layer at the CGFZ, to surface pseudo-trajectories349
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Figure 5. Twenty-two month Hovmöller diagram of the 30-day low-passed zonal surface
geostrophic velocity anomaly at the location of the mooring array. The solid black contour is the
0-cm s-1 velocity anomaly. Dashed lines indicate the latitude of each mooring.
constructed by interpolating the altimetric geostrophic velocities to the time and loca-350
tion of the floats, as was done in Willis and Fu (2008) and Palter et al. (2016). All sub-351
surface float trajectories were gathered in 1◦ bins and regressed against the surface pseudo-352
trajectories, yielding a regression coefficient that represents the ratio of the 1000 dbar353
velocity to the surface velocity. Between the bin encompassing the mooring location (cen-354
tered at 35◦W, 52◦N) and the bin encompassing the location of maximum cross-MAR355
surface velocities (32◦W, 52◦N), this ratio varies between 0.22 and 0.31. The number of356
trajectories in each bin used to calculate this regression range between 65 and 82.357
Second, the geostrophic (i.e. thermal wind) shear from the climatological density358
field was used to calculate the velocity difference between the surface and 1000 m. We359
found that the thermal wind shear is relatively constant over a zonally-elongated band360
at the CGFZ, with the ratio of the 1000 m velocities to surface velocities ranging from361
0.53 at 35◦W to 0.57 at 32◦W.362
Finally, we also compare the surface velocity to the LSW-layer velocity in the model,363
as discussed in more detail in the next section. In brief, the model relationship is con-364
sistent with the Argo- and mooring-based estimates of the shear, with the ratio between365
LSW and surface zonal velocities of 0.19. It is notable that the geostrophic shear inferred366
from the climatological meridional density gradient is at least two times weaker than the367
float-, mooring- and model based shear estimates. We therefore suspect that the smoothed368
climatological product underestimates the meridional density gradients over the scale of369
interest. Yet, we incorporate the full range of observation-based estimates of the ratio370
between surface and LSW layer velocities (0.22 - 0.57) into a conservative metric of the371
uncertainty of the calculated LSW velocity. In practice, the total uncertainty of the LSW372





, where σshear and σUgeo are,373
respectively, the uncertainty of the vertical velocity shear, described here, and the stan-374
dard deviation of the surface geostrophic velocities.375
The mean surface zonal velocity at 32◦W, shown in Figure 7, is about twice as fast376
as at the location of the mooring array (7.9 ± 4.7 cm s−1 versus 3.9 ± 2.7 cm s−1), av-377
eraged over the approximately 25-year altimetric record. Surface currents across the CGFZ378
show intense variability at time scales ranging from intraseasonal to decadal, as seen from379
the monthly (thin line) and 1-yr (thick line) low-passed time series. The maximum cross-380
CGFZ annual mean velocity exceeds 13 cm s−1 in 1995, after which there is a slow de-381
cline to a 5-year period of annual mean velocity of less than 5 cm s−1 between 2001 and382
2005, with a record minimum of 3 cm s−1 in 2002. By 2006, annual mean velocities re-383
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Figure 6. Eastward transport of LSW through the Mid-Atlantic Ridge. (a) Bathymetry map
of the Mid-Atlantic Ridge between 40◦N and 53◦N, showing the 35◦W line (red) and the center
of the Mid-Atlantic Ridge rift valley (black). Dots represent the grid points at which the lines
in panel b were calculated, with a 0.5◦ latitudinal resolution. (b) Total (light lines) and cumu-
lative (dark lines) zonal transport of LSW at 35◦W (red) and the Mid-Atlantic Ridge rift valley
(black), as estimated from the CARS climatology (LSW thickness) and Argo/PALACE floats
displacements (1,000-dbar velocity).
covered to about 10 cm s−1, and averaged 9 cm s−1 until the end of the delayed-time384
available at the time of writing.385
Given that the moorings show that LSW velocity is correlated with the surface geostrophic386
velocity, as was also implied by the strongly barotropic nature of the flow (Bower & Furey,387
2017), and having assessed the uncertainty on the vertical velocity shear between 32◦W388
and 35◦W, we can infer the variability of the LSW velocity through the CGFZ. Strong389
eastward LSW velocity events likely occurred in the early 1990s and after 2006, while390
weak eastward velocity and possibly westward reversals were likely between 2001 and391
2006. Using the shear calculated from the comparison of the surface geostrophic veloc-392
ity and LSW-layer velocity at the mooring array, as well as the two other observational393
shear assessments, we estimate that the mean LSW velocity for the altimetric era is 3.4±394
1.8 cm s−1. Assuming a constant LSW thickness of 1,069 m, which is the time-averaged395
LSW thickness calculated from the mooring measurements, we estimate that the LSW396
volume transport at the CGFZ averages 5.3± 2.9 Sv.397
Having observed that thickness variability contributes little to the LSW transport398
variability over the 22-month mooring array, it is tempting to assume that the surface399
geostrophic velocities can accurately represent the LSW volume transport, and that the400
time series in Figure 7 is a good multi-decadal record of LSW transport variability. How-401
ever, we next show in Section 3.3 that this assumption may not hold on longer time scales.402
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Figure 7. Time series of monthly (thin line) and 1-yr low-passed zonal surface geostrophic
velocity at the CGFZ (32oW).
3.3 Model-based LSW transport across the CGFZ403
The modeled time mean LSW transport at the location of the mooring array be-404
tween August 2010 and June 2012 is 1.4 ± 3.4 Sv, compared to 1.9 ± 2.3 Sv estimated405
from the observations. The lower transport in model is due to the fact the model max-406
imum eastward flow is located slightly to the south of that observed. The variability of407
the modeled and observed LSW transport through the CGFZ is displayed in Fig. 3e. There408
is some similarity between the model and observations but the agreement is not as good409
as in the ISOW as shown in Xu et al. (2018). This may not be surprising, since the moor-410
ing array captured only the northern edge of the eastward flow of LSW but the entire411
westward flow of ISOW.412
Figure 8 compares the mean LSW thickness derived from CARS (Ridgway et al.,413
2002) and the 1000 dbar velocity derived from Argo displacements (Palter et al., 2016)414
and the modeled LSW thickness and velocity. The LSW is overall thicker in the model415
than in observations. However, there is similarity in the spatial pattern between model416
results and observations: the LSW is thick in the Irminger Sea and very thin above the417
Reykjanes Ridge. South of the Reykjanes Ridge, in the western basin, the LSW flows418
eastward towards the MAR providing the thick layer that is observed at the CGFZ. Like-419
wise, in both observations and the model, the LSW zonal velocity is notably higher at420
the latitude of the CGFZ than elsewhere along the MAR, with a maximum that resem-421
bles the mean meridional position of the northern branch of the NAC shown in Figure422
4.423
The modeled LSW transport at 32◦W between 1978 and 2012 was 9.0 ± 4.4 Sv,424
about 70% larger than the 5.3 Sv estimated in observations for 1993-2017. This is due425
to both a thicker LSW layer and higher velocity in model results. However, comparing426
only the time period in which observations and the model overlap, the LSW transport427
is reduced to 8.2 ± 4.1 Sv, as the LSW thickness and velocity in the model are closer428
to those in the observed estimates. The model LSW thickness averages (± one standard429
deviation) 1246 ± 32 m over 2010-2012 (compared to the mooring-based thickness of 1069430
± 73 m), and the simulated velocity is 4.0 ± 2.1 cm s−1 after 1993 (compared to 3.4 ±431
1.8 cm s−1 inferred from the altimetry-based surface velocity and the three observational432
estimates of vertical shear). The differences between the modeled and observed LSW thick-433
ness and velocity are greater when comparing the entire time period in the simulation,434
as the observational period saw a thinner LSW layer and slower velocity than earlier in435
the simulation.436
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As in the mooring observations, the LSW transport variability is mostly explained437
by changes in LSW velocity (96%) with a minor contribution from LSW thickness. Fig-438
ure 9 shows the time series of LSW transport through the CGFZ as compared with the439
LSW velocity (top panel) and the LSW thickness (bottom panel). The monthly mean440
LSW velocity and thickness vary considerably during the entire period. Velocity fluc-441
tuations drive the monthly to interannual LSW transport variability. In the mid 1990s,442
both velocity and transport declined by nearly two thirds over the course of two years,443
during an anomalous period of reduced LSW transport through the CGFZ.444
Figure 8. Maps of mean LSW thickness and velocity. (a) Observed climatological mean LSW
thickness calculated from CARS2009 gridded temperature and salinity, and velocities derived
from the Eulerian averaging of Argo and PALACE 1000 dbar float displacements. (b) Mean LSW
thickness and velocities for 2010-2012 from the model output.
The results from the model output indicate that LSW thickness can be important445
on longer time scales. Prior to 1995, LSW transport across the CGFZ averaged 10.2 Sv.446
An abrupt decrease in LSW velocity in 1995 decreased the transport to 6.9 Sv between447
1996 and 2003. After 2003, the velocity increased again to reach rates equal to the ones448
observed before 1995, but the transport did not recover to its pre-1995 average. The mean449
velocity during the last available decade (2003-2012) is 4.6 cm s-1, statistically equal to450
the 4.7 cm s-1 simulated before 1995 (T-Test, 95% significance level). The transport, how-451
ever, averaged 8.7 Sv after 2003, which is statistically lower than the mean 10.2 Sv be-452
fore 1995, (T-Test, 95% significance level). This is explained by a continuous decrease453
in the LSW thickness between the mid 1990s and the mid 2000s that greatly impacts454
its total transport. The LSW was consistently thicker before 1999, with annual averages455
above 1,500 m between 1991 and 1999, and dropped to less than 1,300 m by 2005. There-456
fore, shifts in LSW thickness have to be taken into consideration when inferring the cross-457
CGFZ LSW transport variability on decadal and longer time scales. Although the short458
term variability in the LSW transport across the CGFZ is modulated very little by the459
thickness, a long term thinning of the water mass reduces the volume of LSW crossing460
the CGFZ from 2003 to 2012.461
The LSW velocity and thickness at the CGFZ vary on different time scales. Fig-462
ure 10a reveals that the LSW velocity is highly correlated with the surface velocity (R463
= 0.87), similar to the relationship inferred from the mooring array and satellite altime-464
try. The LSW thickness is, by definition, controlled by the temperature and salinity strat-465
ification. These characteristics changed within the LSW layer after the mid 1990s. The466
fresh core of the LSW has become saltier, as the 34.92 isohaline vanished in 2007 after467
continuously thinning since 1999 (Figure 10b). The isotherms deepened and resulted in468
a warmer LSW, particularly after 2006 (Figure 10c).469
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Figure 9. Model time series of LSW at CGFZ. (a) Zonal LSW velocity (green) and zonal
LSW transport (red) at the CGFZ (32oW) in the model simulation from 1978 to 2012. The mean
LSW velocity and transport for 1978-1994 (4.7 cm s-1, 10.2 Sv) and 2003-2012 (4.6 cm s-1, 8.7
Sv) are shown as straight lines. (b) Similar to a) except that the blue line is the LSW thickness.
4 Discussion and Conclusions470
This study quantified the LSW transport across the CGFZ and explored its sub-471
stantial temporal variability. Data from a mooring array at the western edge of the CGFZ472
was used to investigate the transport of LSW and its relationship with surface geostrophic473
currents in the region. However, the mean position of the northern branch of the NAC,474
the main driver of the LSW transport across the CGFZ, is located to the south of the475
mooring array. The NAC turns slightly northward east of the mooring array before cross-476
ing the MAR to the eastern basin. The mean surface velocity at the mooring array lo-477
cation is about half as strong as that at the center of the NAC. Therefore, we use altime-478
try to estimate the LSW transport where the swiftest cross-MAR eastward velocities are479
found. This approach depends on the assumption that the velocities in the LSW layer480
are strongly correlated to the surface layer, and that the vertical shear between the sur-481
face and LSW velocities can be deduced from existing data. The mooring array and nu-482
merical model simulation suggests that altimetric surface geostrophic velocities are well483
correlated with velocities on the LSW layer. Moreover, there is strong agreement in the484
vertical shear estimated from the mooring data and from the regression with hundreds485
of Argo float displacement velocities at 1000 m compared to the altimetric geostrophic486
surface velocities. The shear simulated in the model is also in close agreement with these487
two estimates. We therefore argue that surface geostrophic velocities can be used to cre-488
ate a proxy for LSW velocity.489
The swift surface geostrophic velocities at the CGFZ at 32◦W coincides with a thick490
layer of LSW (Figures 4 and 8), suggesting that this is the location of maximum east-491
ward LSW transport across the MAR. At this ridge gap, the surface geostrophic veloc-492
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ity for the altimetric era varies strongly on intraseasonal to decadal time scales. The merid-493
ional excursion of the NAC at the MAR sets the boundary between the North Atlantic494
subpolar and subtropical gyres and has been extensively investigated in a number of ob-495
servational (Bower & von Appen, 2008; Rhein et al., 2011; Roessler et al., 2015) and mod-496
eling (Breckenfelder et al., 2017) analyses. The LSW transport at CGFZ is locally con-497
trolled by changes in the NAC velocities on intraseasonal to interannual timescales. The498
meridional excursion of the NAC – and therefore its position relative to the CGFZ – is499
in turn associated with fluctuations in the zonal wind stress in the western European Basin500
east of the CGFZ (Bower & Furey, 2017; Xu et al., 2018). Assuming constant LSW thick-501
ness and using the calculated vertical shear of the zonal velocity, we estimated the altimetry-502
derived LSW transport through the CGFZ to be 5.6± 3.2 Sv.503
Figure 10. Modeled velocity, salinity and temperature at CGFZ from 1978 to 2012. (a) Time-
series of surface (red) and LSW (black) velocities. Thin lines are the monthly time series and
thick lines are the low-passed time-series with one year cutoff. The correlation coefficient be-
tween the two time-series is given in the top left corner. (b) Hovmöller diagram of salinity. White
lines indicate the upper and lower limits of the LSW layer. (c) Same as middle panel, except for
temperature.
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Although fluctuations in the velocity field explain much of the LSW transport vari-504
ability through the CGFZ on interannual and shorter time scales, the spatial and tem-505
poral variability of the LSW thickness must be accounted for when addressing the to-506
tal LSW transport across the MAR. The model simulation indicates that the LSW thick-507
ness may play an important role in modulating LSW transport on decadal time scales.508
The simulation shows continuous thinning of the LSW layer between 1996 and 2009 at509
the CGFZ, during a time when velocities were recovering following a sharp slowdown in510
1995. Thus, the LSW transport does not increase over the 13-year period as the veloc-511
ity alone would imply (Figure 9).512
LSW thickness at the CGFZ appears to be controlled by remote variations in LSW513
formation. Direct observations along the AR7W hydrographic section across the central514
Labrador Sea have shown that deep convection reached a depth of 2,400 m between 1987515
and 1994, forming a thick layer of dense LSW (Curry et al., 1998; Yashayaev et al., 2007).516
Following this maximum, the formation of denser LSW was suppressed for over a decade,517
(Azetsu-Scott et al., 2003; Yashayaev et al., 2007). In the Labrador Sea, the shallower518
convection after 1994 was responsible for at least 1,000 m of thinning of the newly formed519
LSW after 1994 (Rhein et al., 2011; Kieke & Yashayaev, 2015; Rhein et al., 2017). Sub-520
sequent thinning of the LSW was observed in mooring arrays and hydrographic sections521
downstream of the Labrador Sea along the DWBC between 56◦N and 39◦N (Stramma522
et al., 2004; Le Bras et al., 2017). At CGFZ, our model accurately simulates the trend523
on the LSW layer thickness observed upstream.524
The model used here also faithfully simulates the observed warming of the LSW525
layer along the AR7W section associated with the reduction in deep convection that started526
in 1994 (see Figure 4 in Xu et al. (2013)). The transit time from the Labrador Sea to527
the CGFZ has been evaluated by tracing newly-formed LSW with temperature, salin-528
ity, and CFC concentration anomalies (Sy et al., 1997). They found that newly-formed529
LSW reaches the Iceland Basin within 2 to 3.5 years. Consistent with that approximate530
timing, the simulated LSW thickness at the CGFZ peaks in 1996 (Figure 9), two years531
after its peak thickness in the Labrador Sea (Yashayaev & Loder, 2016; Xu et al., 2013).532
Reduced convection and associated warming in the Labrador Sea is followed by a deep-533
ening of the isotherms and salinification of the LSW core at the CGFZ beginning in the534
mid 1990s (Figure 10).535
The suite of observed and modeled evidence presented here suggests that the LSW536
transport at CGFZ varies in response to both fluctuations of the NAC velocity, which537
modulates the interannual to higher frequency variability, and remote changes in LSW538
formation in the central Labrador Sea, which can give rise to decadal variability of the539
transport. Exposing the substantial variability in the eastward transport of LSW across540
the mid-Atlantic Ridge also points towards additional open questions about both the causes541
and consequences of such variability. For instance, it is interesting to consider whether542
large-scale wind patterns and convection in the LSW formation region co-vary, poten-543
tially causing changes in the volume and properties of exported LSW as well as its ex-544
port pathways. Moreover, it remains unknown how variability in the LSW transport across545
the CGFZ may influence heat transport and stratification in the eastern basin, where546
ocean to atmosphere heat fluxes strongly influence regional climate. This work suggests547
that future efforts to quantify the eastward LSW transport across the CGFZ can take548
advantage of the relationship between surface and LSW-layer velocities, as long as a temporally-549
evolving estimate of LSW thickness can be resolved from hydrographic and Argo data.550
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